I. INTRODUCTION
In the near field, the radiative heat transfer between two planar bodies can be significantly enhanced beyond the farfield limit as described by Planck's law due to the presence of evanescent waves. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Such enhancement has been widely studied in many applications. For example, in thermophotovoltaics (TPV), the near-field heat transfer could significantly enhance the output power density as well as the efficiency. [13] [14] [15] [16] [17] [18] [19] The concept of near-field electromagnetic heat transfer can also be used to enhance the operation of cooling devices based on electroluminescence. In 1957, Tauc proposed to use electroluminescence for cooling purposes. 20 He showed that in the ideal limit, a light emitting diode (LED) at forward bias can be used as a cooling device that removes the entropy from its surrounding medium through electroluminescence that generates radiation to the far field. The concept of electroluminescent cooling has since been further explored in a number of publications. [21] [22] [23] [24] [25] [26] For example, in Ref. 26 , a realistic single-quantum well InGaN/GaN LED is investigated by including all relevant heat transfer mechanisms. With a builtin quantum well polarization field, the internal temperature rise can be potentially reduced up to 20% and an electrical efficiency of 1.02 is predicted. However, there has not been an experimental demonstration of actual cooling from electroluminescence, due in part to the presence of non-radiative recombination that limits the radiative efficiency of most semiconductors, as well as the difficulty of extracting photons out of high-index semiconductors.
In Ref. 27 , Chen et al. proposed to overcome the difficulties of far-field electroluminescent cooling by considering a near-field configuration. The configuration in Ref. 27 consists of two planar semiconductor regions separated by a vacuum gap with a sub-wavelength size. The two planar regions are maintained at different temperatures and undergo electromagnetic energy exchange between them. A positive bias is applied to the cold side in order to generate heat flow from the cold side to the hot side. Reference 27 showed that this near-field configuration can significantly mitigate the detrimental effects of non-radiative recombination. In addition, it was also noted that to achieve significant cooling in the nearfield, the sub-bandgap heat transfer due to phonon-polariton needs to be suppressed. 27 As an example for the near-field electroluminescent cooling, Ref. 27 considered the use of InAs as the cold side with a temperature of 290 K and InSb as a hot side with a temperature of 300 K, and theoretically predicted a cooling power density of approximately 100 W=m 2 and a coefficient of performance (COP) that is 5.7% of the Carnot limit. Subsequently, Liu and Zhang 28 considered a system with GaSb as the cold side, and Ge as the hot side, and predicted a maximum cooling power density of 11:56 kW=m 2 with a 10 nm vacuum gap. Neither of these cooling power densities, however, is competitive against the thermoelectric devices operating at similar temperature ranges.
In this paper, we show that the performance of the previous near-field electroluminescent cooling systems can be a) eliy@eecs.berkeley.edu b) shanhui@stanford.edu significantly improved by using GaAs and Si as the cold and hot sides, respectively, as shown in Fig. 1 . GaAs has greatly reduced Auger recombination as compared to both GaSb and InAs. Also, Si, being a non-polar semiconductor, does not possess an optically active phonon-polariton so that the parasitic sub-bandgap phonon-polariton heat leakage can be significantly suppressed. 28, 29 Moreover, we show that the system efficiency can be further improved by combining electroluminescent cooling with photovoltaic (PV) power recovery, where the electric power generated in the Si photovoltaic cell is fed back to the GaAs light emitting diode. This is the inverse of the thermophotonic heat engine proposed by Green. 30 Our theoretical calculations show that the system can have a cooling power density in the order of 10 5 W=m 2 , which is comparable to what can be achieved in thermoelectric cooling.
The electroluminescent cooling device as we study here seeks to manipulate photon-based heat flow. Since thermal radiation at 300 K has a wavelength of near 10 lm, one might think that an electroluminescent cooling device operating near room temperature may also require the use of narrow-band gap semiconductors. Here, somewhat counter-intuitively, we show that a practical choice for electro-luminescent cooling in fact is to use a wider bandgap semiconductor, where the Auger recombination is far lower as compared to narrow-bandgap semiconductors.
The paper is organized as follows: In Sec. II, we present the theoretical formalism. In Sec. III, we present and discuss the results obtained by exact numerical calculation which takes into account various nonidealities and compare our device to thermoelectric coolers. We summarize and conclude in Sec. IV.
II. THEORETICAL FORMALISM

A. Configuration
Throughout the paper, we consider the configuration as shown in Fig. 1 , which consists of two semiconductor bodies. Both bodies consist of a PN junction with small heavily doped P þ and N þ regions at the backside that provide electric contact, and an active region which can be either lightly doped or intrinsic. The active regions face each other across the vacuum gap. We also assume that the two bodies only emit to each other through the surfaces on the vacuum gap side as indicated by the colored arrows in Fig. 1 , and there is no emission on the edges. Body 1 consists of GaAs, maintained at a temperature T 1 , subject to a bias V 1 . Body 2 consists of Si, maintained at a temperature T 2 , subject to a bias V 2 . A positive sign of the voltage corresponds to forward bias of the junction. We assume that T 1 < T 2 . The objective of our device is to pump heat from the colder GaAs body to the hotter silicon body. For this purpose, in our configuration, both the Si and the GaAs junctions are forward biased, i.e., both V 1 and V 2 are greater than zero. The forward bias on the GaAs junction is (partially) externally provided, and hence the GaAs body operates as a light emitting diode (LED), with the externally provided electric power serving as the power input to the heat pump as required by the Second Law of Thermodynamics. With V 1 > 0, there is a net photon flow from the GaAs body to the silicon body, and hence the silicon body operates as a photovoltaic (PV) cell generating a positive V 2 across the silicon junction. The output electric power from the silicon PV cell can be injected back to the GaAs LED, and thus, contributes to the total injected electric power into the GaAs LED. We will show that the use of such photovoltaic power recovery is beneficial for the overall efficiency of electroluminescent cooling device.
Throughout the paper, we choose T 1 ¼ 280 K and T 2 ¼ 330 K. This temperature choice is practical for electroluminescent cooling applications.
B. Detailed balance relations
To model the heat transfer in the system in Fig. 1 , we use the standard formalism of fluctuational electrodynamics 31 that has been widely used to treat near-field electromagnetic heat transfer. The detailed theoretical formalism can be found in Ref. 27 . Here, we include only those aspects that are essential and are directly relevant for the present paper. In the presence of an external voltage, we treat the current-current correlation functions separately for frequencies above and below band gap, i.e., 29, 32 hj a ðr; xÞj where a and b label the directions of polarization, r and r 0 are position vectors, dðx À x 0 Þ is the Dirac delta function, 00 e ðxÞ and 00 p ðxÞ are the imaginary parts of the dielectric functions that result from interband transitions ( e ðxÞ) and sub-bandgap transitions ( p ðxÞ), respectively, and x g is the bandgap frequency Hðx; T; VÞ ¼ hx
is the average photon energy 33 in a single mode at an angular frequency x, q is the magnitude of the electron's charge, h is the reduced Planck's constant, k B is the Boltzmann constant, and V is the voltage on the body.
The transferred power density can be directly computed using standard dyadic Green's function technique. 6, 7, 34 We compute the net energy fluxes from electronic excitations E e from the LED to the PV cell and the parasitic heat fluxes E p from the PV cell to the LED due to the phonon-polariton excitations on the GaAs-vacuum interface. These fluxes are obtained by integrating over the appropriate frequency ranges
x th Hðx;
Hðx; T 2 ; 0Þ À Hðx; T 1 ; 0Þ ½ UðxÞ dx;
where UðxÞ is the transmission coefficient integrated over the lateral wave vectors k k at the frequency x, 27 and can be computed through a scattering matrix formalism 35 or by directly integrating the contributions from the current sources defined in Eqs. (1a) and (1b) over the volume of the emitting body.
1 A similar calculation also yields the net abovebandgap photon flux between the two bodies as
We denote the first and the second terms in Eq. (5) as F 1!2 and F 2!1 , respectively. For an ideal semiconductor, there is no absorption of light for frequencies immediately below the bandgap frequency x g , and therefore, one would choose x th ¼ x g in Eqs. (3)- (5). In the present case, however, we note that for both GaAs and Si, in the frequency range immediately below the bandgap frequency x g , the imaginary part of the dielectric function is not exactly zero due to the existence of Urbach tail. 36 Therefore, in the numerical evaluations of Eqs. (3)- (5), we choose x th ¼ 2:08 Â 10 15 rad=s that is slightly below x g . We note that for the above formalism to be valid, the maximum value for V 1 needs to be lower than hx th =q. Thus, in this paper, we set the maximum value of V 1 to be 1:35 V. In addition, both the contributions of propagating and evanescent waves are included in this calculation. However, in the near-field regime, the contributions from evanescent waves dominate.
For LED, the photons above band gap come from radiative recombination. Therefore, the above-bandgap photon flux as calculated in Eq. (5) is the net radiative recombination rate. The enhancement of radiative heat flux in the near field thus translates to an enhancement of radiative recombination rate in this system.
Having obtained the net energy fluxes and the net photon fluxes, one can evaluate the performance of the device by calculating the cooling power density and the efficiency. For the currents, we use the sign convention that a positive current corresponds to the flow of positive charge from P þ anode through the semiconductor to the N þ cathode. Also, when referring to unit area, including either explicitly or implicitly in the definition of current density or power density, we refer to the unit area of the semiconductor surface facing the vacuum gap. Then, the current densities in the LED and the PV cell are given by
where R a is the total nonradiative recombination rate per unit area for body a (a ¼ 1, 2) and F depends on the voltages on both bodies as indicated by Eq. (5). Assuming that the system has no parasitic photon absorption, i.e., all absorption of photons occur in the Si and GaAs active regions, we define the luminescent efficiency (g l ) for the LED as the ratio of radiative recombination rate to the total recombination rate, i.e.,
where the numerator describes the radiative recombination rate in GaAs and the denominator describes the total recombination rate. We define the net cooling power density for the system as
where the first term describes the net heat flow across the vacuum gap, and the second term refers to the total injected power into the LED. Having obtained the cooling power density, we compute the cooling coefficient of performance (COP), defined as the ratio of the net cooling power density obtained in Eq. (9) to the total power density required from the outside into the LED
where the denominator represents the extra power density needed from the outside of the device in the presence of the recollected electric power density I 2 V 2 . In contrast to Ref. 27 , which focused on the V 2 ¼ 0 case, here, we assume that the PV cell can have a non-zero forward bias generated by the incoming flux from the LED. In our calculation in this paper, we maximize the COP using Eq. (10) over all possible V 2 values. For comparison purposes, we further normalize the COP thus obtained numerically with respect to by the Carnot limit of T 1 =ðT 2 À T 1 Þ, which is 5.6 for our choice of temperatures.
C. Nonradiative recombination
A key consideration in electroluminescent cooling is to reduce the non-radiative recombination. Here, we provide a brief discussion of non-radiative recombination processes in GaAs and Si. For both GaAs and Si, we consider Auger recombination and bulk Shockley-Read-Hall (SRH) recombination. Hence, we set R a ða ¼ 1; 2 denoting the two bodiesÞ in Eqs. (6) and (7) to 37, 38 R a ¼ ðC n;a n a þ C p;a p a Þðn a p a À n 2 i;a Þ t a þ A a n a p a À n 2 i;a n a þ p a þ 2n i;a t a :
In Eq. (11), the first and second terms refer to the Auger and SRH processes, respectively. C n;a and C p;a are the Auger recombination coefficients for two-electron and two-hole processes of body a (a ¼ 1, 2), respectively. n a and p a are electrons and holes density of body a, respectively. n i;a is the intrinsic carrier concentration for body a. t a is the thickness of body a, and A a is the SRH recombination coefficient of body a and is related to the SRH lifetime s SRH;a through A a ¼ 1=s SRH;a . The non-radiative recombination rate and the luminescent efficiency in GaAs strongly depends on both the doping concentration and on the applied voltage. To determine the optimal doping concentration, we follow Ref. 39 and assume a p-doped GaAs in the low injection regime, i.e., n 1 ( p 1 % N A and a simple radiative recombination rate expressed as Bn 1 N A where B is the radiative recombination coefficient, Eq. (8) reduces to a bias-independent form
This results in N A ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
where Eq. (12) reaches its maximum.
In the case of low injection where V 1 is small, the hole concentration p 1 % N A . Therefore, n 1 is small and scales with e qV 1 k B T 1 . As a result, the SRH process dominates. When V 1 is large where low injection approximation fails, both n 1 and p 1 scales with e qV 1 2k B T 1 . Thus, the Auger recombination rate scales as e 3qV 1 2k B T 1 and becomes significant. As a result of the competing non-radiative processes inside GaAs, to achieve net cooling, the choice of voltage V 1 is therefore essential. For the cooling device as we consider here, and for the range of voltages we use in the paper, the voltage that optimizes the COP does not necessarily correspond to the low injection condition as discussed above, but as we will see, this choice of N A results in a very good luminescent efficiency.
For Si, as we will see below that the injected photon density is actually very high. In the comparison to solar cells, this corresponds to a few thousand suns. Therefore, it is best to take Si as intrinsic to minimize the Auger recombination.
In , with C n;1 and C p;1 each equal to C 1 =2. 42 The Auger recombination coefficient of Si is C n;2 þ C p;2 ¼ 1:4 Â10 À30 cm 6 s À1 . 40, 43 At small t 1 , the radiative recombination rate increases as t 1 increases, and for large t 1 , the radiative recombination rate saturates. On the other hand, the non-radiative recombination rate defined in Eq. (11) scales proportionally to t 1 . Therefore, there is an optimal t 1 that maximizes the cooling power density in the presence of non-radiative recombination. We find the optimal t 1 ¼ 500 nm for the GaAs LED. With this thickness value, the SRH lifetime for GaAs is estimated to be s SRH;1 ¼ 16:7 ls assuming GaInP passivation. 44 Using these parameters, we optimize the doping level for GaAs to be 1:31 Â 10 17 cm À3 for maximum luminescent efficiency consideration through N A ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
In addition, in order to maximize the absorption by Si, we choose a thick Si body with thickness t 2 ¼ 50 lm, and the bulk SRH lifetime s SRH;2 is 35 ms. 45 
III. NUMERICAL RESULTS
In the following calculation of near-field heat transfer, the frequency-dependent dielectric functions for GaAs and Si are obtained from Refs. 42, 46, and 47 and linearly interpolated. We plot the dielectric functions for GaAs and Si for the above-bandgap and sub-bandgap regions as a function of wavelength in Figs. 2(a)-2(d) . We notice that in the subbandgap frequency range, the imaginary part of dielectric function of GaAs [ Fig. 2(b) ] has a peak at a wavelength of 37:5 lm, corresponding to the phonon-polariton of GaAs. By comparison, for Si [ Fig. 2(d) ], there is no such phononpolariton peak since silicon is a non-polar material, and hence, the imaginary part of the dielectric function in the sub-bandgap region remains relatively small in the order of 10 À4 . The absence of the phonon-polariton peak in the subband gap region is an important advantage in the present configuration as compared to Ref. 27 , where it was shown that the existence of sub-bandgap phonon-polariton leads to a strong sub-bandgap heat transfer in the near-field region that degrades the cooling performance.
In this section, we apply the formalism introduced in Sec. II B to our configuration, taking into account the nonradiative recombination processes described in Sec. II C. In Sec. III A, we first discuss the performance of our device in the absence of photovoltaic power recovery (V 2 ¼ 0), which resembles the setup in Ref. 27 . In Sec. III B, we consider the impact of photovoltaic power recovery, where the part of power generated by the Si PV cell is fed back to the GaAs LED. In Sec. III C, we compare our device to thermoelectric coolers. In Sec. III D, we discuss the detrimental effects of the existence of a thin SiO 2 layer on the silicon surface on the performance of our device.
A. Performance in the absence of photovoltaic power recovery
We first compute the cooling power density and the COP in the absence of photovoltaic power recovery. This is done by shorting the PV cell, i.e., by setting V 2 ¼ 0. In Fig.  3(a) , we show the cooling power density as a function of the LED bias V 1 for d ¼ 10 nm and 10 lm in blue and red curves, respectively. At V 1 ¼ 0, the net heat flow should go from the hot side to the cold side, as required by the Second Law of Thermodynamics, and hence, the net cooling power density is negative. When V 1 is small, the cooling power density remains negative because of the existence of subbandgap heat transfer. The cooling power becomes positive at V 1 % 1:02 V. As V 1 further increases, the cooling power density increases drastically as a function of V 1 , reaching a peak of 6:96 Â 10 5 W=m 2 at V 1 ¼ 1:35 V. For this gap separation, we do not observe a decrease of cooling power density because for the voltage range that we have considered here, the radiative recombination process always dominates over the competing non-radiative recombination processes.
In terms of cooling power density, with a 10 nm vacuum gap, the results here are about three orders of magnitude higher as compared to Ref. 27 , which used InAs and InSb as the semiconductors, and about one order of magnitude higher as compared to Ref. 28 , which used GaSb and Ge as the semiconductors. The improved performance here arises from the use of GaAs, which has a wider bandgap and, therefore, a far lower Auger recombination rate.
The use of near-field heat transfer is essential for the cooling performance that we observe here. As a direct comparison, in Fig. 3(a) we plot as the red curve the cooling power density in a far-field setup where the LED and the PV cell are separated by a vacuum gap of 10 lm that is much larger than the bandgap wavelength. Significantly reduced refrigeration power density is observed as a result of the reduced radiative recombination rate in GaAs when the GaAs LED and the Si PV are separated in the far-field region. In general, it is difficult to observe large cooling power in the far-field region in the simple planar geometry. One may significantly improve the cooling performance in the far-field region with the use of rear surface texturing that facilitates the extraction of photons, which greatly enhances radiative recombination over non-radiative recombination.
To better analyze the significant difference in cooling performance between the near-field and far-field regimes, we plot the luminescent efficiency of GaAs as a function of V 1 for d ¼ 10 nm and 10 lm in Fig. 3(b) . Since the SRH recombination is small compared to radiative recombination, the luminescent efficiency is flat for a large range of V 1 . However, in the far-field case (d ¼ 10 lm), as V 1 approaches to the bandgap, the luminescent efficiency starts to drop because of the significant Auger recombination. In contrast, in the near-field case (d ¼ 10 nm), the luminescent efficiency remains almost unchanged at a high value as V 1 increases up to 1:35 V. In the near-field regime, the radiative recombination rate is significantly enhanced, leading to the enhanced luminescent efficiency. Such an enhancement of luminescent efficiency is essential for the observation of significant cooling in the presence of realistic non-radiative recombinations.
We plot the COP as a function of LED bias V 1 for d ¼ 10 nm and 10 lm in Fig. 3(c) . Due to the significant enhancement of sub-bandgap parasitic heat transfer in the near-field regime, we observe that the COP in the far field has a higher peak value than that in the near field. However, the near-field case has a higher COP for larger biases, because of the enhanced radiative recombination rate in the LED. In general, being able to operate at higher voltage, as we observe for the near-field case as compared to the far-field case, is advantageous since at a higher voltage we expect a higher cooling power density.
B. Performance with photovoltaic power recovery
In general, when there is a net photon flux from the LED to the PV cell, a non-zero positive voltage V 2 on the PV cell can be generated, and the electric power generated from the PV cell can be fed back into the LED, thus reducing the required external power that is injected into the LED. On the other hand, a non-zero positive voltage on the PV cell results in a higher heat back flow from the PV cell to the LED. As a balance of these competing effects, there is an optimal V 2 in order to achieve the maximal COP.
In Fig. 4(a) , we plot the optimal COP as a function of the LED voltage V 1 for vacuum gaps d ¼ 10 nm and 10 lm as red and blue curves, respectively. For each value of V 1 and gap size in Fig. 4(a) , we optimize V 2 to reach the optimal COP. The values of V 2 thus obtained as a function of V 1 for the two gap sizes, are shown in Fig. 4(b) . Compared to Fig.  3(c) , we observe a significant increase of COP for both the farfield and near-field cases. Also, in Fig. 4(b) , we observe that the optimal V 2 is far smaller as compared to the bandgap of Si. Therefore, at the optimal V 2 , the net cooling power is unaffected since the back flow of heat from the PV cell back to the LED is still significantly smaller as compared to power carried by the photon flow from the LED to the PV cell. Thus, the photovoltaic power recovery can be used to significantly enhance the COP without degrading the cooling power.
The results here represent significant improvements in terms of power density as compared to previous works. Chen et al. 27 discussed a structure with the InAs as the LED and the InSb as the PV, with a peak cooling power density of 91 W=m 2 . Liu and Zhang 28 discussed a structure with GaSb as the LED and Ge as the PV cell, with a peak cooling power density of 1:16 Â 10 4 W=m 2 . The significant power density improvement in our present work occurs from the significantly reduced Auger recombination rate in GaAs, which results in a much higher radiative recombination yield. At the peak power density, which corresponds to V 1 ¼ 1:35 V, the luminescent efficiency for the GaAs system is 99.8%, whereas for the InAs and the GaSb systems, the luminescent efficiencies at the maximum power point are approximately 62.8% and 99.1%, respectively.
We notice that even in the presence of photovoltaic power recovery, the maximum COP shown in Fig. 4 is still much lower than the Carnot limit under these temperatures. In the absence of non-radiative recombination, the Carnot limit is reached when the applied voltage is close to the threshold. 27 At such a low applied voltage, the cooling power density is very small, and the system is, therefore, particularly susceptible to the detrimental effect of parasitic heat transfer below the band gap. In order to achieve a high COP close to Carnot limit, further engineering is required to reduce the parasitic heat transfer in the sub-bandgap regime.
C. Comparison with thermoelectric cooler
Cooling devices, in general, exhibit a trade-off between the COP and the cooling power density. Therefore, a reasonable way to compare the performances of different cooling devices is to compare their cooling power density at the same COP. For this purpose, in Fig. 5 , we plot the COP as a function of the cooling power density as the LED bias V 1 varies, for the two cases with the vacuum gap sizes of d ¼ 10 nm and d ¼ 10 lm, corresponding to the near-field and far-field cases, respectively. For each LED bias V 1 , we plot the COP and the power density at the optimal PV cell bias V 2 as Fig. 1 . Each data point in the plot corresponds to a particular LED bias V 1 with a corresponding optimal PV bias V 2 . The arrow indicates the direction of increasing V 1 . The blue and red curves correspond to near-field vacuum gap d ¼ 10 nm and 10 lm, respectively. discussed earlier. At the same COP, the near-field configuration has a much higher cooling power density as compared to the far-field configuration. For both cases, the optimal cooling power density and the optimal COP occur at different LED bias V 1 . For the near-field case with a gap size of d ¼ 10 nm, the structure reaches an optimal COP ¼ 11:0% of the Carnot limit with a cooling power density of 57:3 W=m 2 at V 1 ¼ 1:09 V. It reaches an optimal cooling power density of 6:96 Â 10 5 W=m 2 with a COP of 1.9% of the Carnot limit at V 1 ¼ 1:35 V. Whereas for the far-field case with a gap size of d ¼ 10 lm, the optimal COP is 10.7% of Carnot with Q c ¼ 0:161 W=m 2 at V 1 ¼ 1:03 V, and optimal cooling power density is 4:00 Â 10 3 W=m 2 at a COP with the value of 1.1% of the Carnot limit at V 1 ¼ 1:32 V. Therefore, the main benefit of the operating in the near-field regime is that it allows one to reach a power density that is about two orders of magnitude higher at a comparable COP as compared to the far-field case.
The concept of electroluminescent cooling provides an interesting alternative approach for solid-state cooling. Therefore, it would be useful to compare the performance predicted here to the performance of thermoelectric cooler. Reference 48 presents a summary for the commercially available thermoelectric modules. Most of the devices provide a maximum cooling power density at the order of 10 4 W=m 2 when the hot side is maintained at room temperature. Our device can provide an order of magnitude improvement in cooling power as compared with such thermoelectric devices. In terms of COP, a thermoelectric cooler with ZT ¼ 1:0, operating at the same temperature difference DT ¼ 50 K as our device, exhibits a COP of 10% of the Carnot limit. This is comparable to the COP of our device. The results presented here point to the important potential of electroluminescent cooling devices. In this paper, we use a planar geometry for near-field heat transfer. The performance of our device may be further improved with more sophisticated geometry optimized for enhancing near-field heat transfer. 49, 50 D. Impact of the SiO 2 layer on the Si surface In practice, silicon and GaAs usually have a thin layer of coating for passivation purposes. 39, 51 For example, GaAs can be passivated with GaInP 39 and silicon always has a silicon dioxide (SiO 2 ) coating. 51 The existence of the coating can result in a parasitic heat flow, since all the materials in the coating are polar materials that support photon-polariton excitations. On the other hand, since GaAs already has a strong phonon-polariton response that is already taken into account in the previous simulation, the presence of GaInP passivation layer should not significantly affect the heat transfer. Therefore, here we ignore the effects of GaInP phonon-polaritons and mainly focus on the heat flow from the Si side directly to the GaAs side due to the surface phonon-polariton of SiO 2 . For amorphous SiO 2 , its two surface phonon-polaritons are located at the wavelengths of 9:3 lm and 21:7 lm, which misalign with the surface phonon-polariton of GaAs. Therefore, the backward heat flow due to an oxide layer is not very significant. To investigate the effect of the oxide layer, we perform numerical calculations by fixing the vacuum gap d ¼ 10 nm and varying the thickness of SiO 2 layer on silicon. We show the cooling power density as a function of SiO 2 thickness in Fig.  6(a) . When the thickness of SiO 2 increases, the cooling power density decreases. However, even with a 20 nm SiO 2 layer on top of Si, the cooling power density can still be as high as 5:24 Â 10 5 W=m 2 at LED bias V 1 ¼ 1:35 V. In Fig.  6(b) , we plot the maximum COP as a function of the thickness of the SiO 2 layer. The COP also decreases as the thickness increases. However, we still observe a COP ¼ 4:3% of the Carnot limit when the SiO 2 thickness is 20 nm. Therefore, the significant performance of our device still persists even in the presence of a thin SiO 2 layer.
IV. CONCLUSION
In conclusion, we introduce a new device configuration that significantly improves the performance of the near-field electroluminescent cooling device as introduced in Ref. 27 and further studied in Ref. 28 . This device configuration uses GaAs, which has significantly reduced Auger recombination as compared with narrow-bandgap semiconductors used in Ref. 27 , and uses Si that does not have surface phononpolariton, which results in significant suppression of parasitic backward heat flow. We also combine the concept of nearfield electroluminescent cooling with the idea of photovoltaic power recovery. 30 As a result, we numerically demonstrate orders of magnitude improvement in the performance of near-field electroluminescent cooling device. The peak cooling power density of this system is 6:96 Â which exceeds standard thermoelectric coolers operating in the same temperature range while maintaining a similar COP. Our work points to the significant potential, where the combination of near-field heat transfer and active semiconductor devices can lead to new possibilities for heat manipulation.
